Y 5 multicomponent glassy alloy exhibits an exceptionally high glass transition temperature of 1202 K and a crystallization temperature of 1324 K, as well as an ultrahigh hardness of 18 GPa. This example is used to demonstrate metallic glasses that possess extraordinary thermal stability and ultrahigh strength and, at the same time, a wide supercooled liquid region (122 K) that is needed for processing into bulk forms through powder metallurgy routes.
I. INTRODUCTION
Novel amorphous alloys with exceptional mechanical strength are presently being pursued intensively. 1, 2 Recent focus has shifted toward Cu-, 3 Fe-, [4] [5] [6] Co-, 7 and Ni-based 8 bulk metallic glasses that are characterized by a high elastic modulus and high strength. In this respect, amorphous alloys based on refractory metals, such as W, Mo, Ta, Nb, or V, are also strong candidates. However, to our knowledge, no reports have yet demonstrated that such metallic glasses are possible in bulk form. [9] [10] [11] [12] The expectation of achieving ultrahigh strength in refractory-metal-based metallic glasses is derived from the realization that the yield strength y and Vickers hardness H v of metallic glasses scale approximately linearly with the Young's modulus E, H v /E ≈ 0.06 and y /E ≈ 0.02. 13 Because E is related to the atomic bonding force and hence the melting temperature of the material, it is obviously desirable to build metallic glasses based on refractory metals, which have a modulus even higher than the late-transition metals. The scaling correlation can also be expressed in terms of T g , the glass transition temperature. For good glass formers, the reduced glass transition temperature, T rg ‫ס‬ T g /T l , where T l is the liquidus temperature, usually approaches the constant 2/3.
1
A direct correlation between strength (or H v /3) and T g is thus expected, as demonstrated by the clear trend in Fig. 1 , in which the data are obtained from Refs. 6, 7, 9, 14-27. This plot implies that, in addition to the strength advantages, refractory-metal-based glasses with a high T g would also entail a high thermal stability to resist crystallization, which is an obvious concern for the thermodynamically metastable metallic glasses in service.
Based on these considerations, our strategy to design a metallic glass that has ultrahigh strength at both room temperature and elevated temperatures, as well as superior structural stability against thermally or deformationinduced crystallization, begins with the use of a refractory Mo-Si alloy near Mo 5 Si 3 . In its crystalline form, the Mo 5 Si 3 compound has the highest melting point (2180°C) among the silicides in this system and a high E of 323 GPa. Its high strength and stability even at elevated temperatures reflect the pronounced covalent components in its atomic bonding. 28, 29 However, such refractory alloys would be difficult to process via melt casting, the most common method used to produce bulk metallic glasses. For a Mo-based alloy, large differences between the melting temperature of the base metal Mo and those of the alloying elements are expected. Even if the alloy can be made homogeneous in the melt, it would still be difficult to undercool the melt across a wide temperature region to below T g without crystallization. Our strategy, therefore, calls for the mechanical alloying (MA) route to vitrify the alloy powder blend at room temperature.
For the fabrication of bulk amorphous alloys via the powder metallurgy route, a high thermal stability in the supercooled liquid state, characterized by a well-defined calorimetric glass transition and a wide supercooled liquid region ⌬T x (⌬T x ‫ס‬ T x − T g ), between T g and T x (the onset temperature of crystallization), would be needed to facilitate the consolidation of the glassy powders in the viscous flow regime. As such, our strategy must also use measures to stabilize the supercooled liquid of the alloy. To this end, a group of alloying elements that has a large negative heat of mixing with the element Mo 30 are selected. As shown in Fig. 2 , the elements that are chosen (as marked by arrows in the figure) result in a uniform coverage of a range of atomic size ratios, 31, 32 a known recipe to enhance the metastability of the supercooled liquid by increasing the packing efficiency of atoms.
II. EXPERIMENTAL
In the following, we demonstrate a Mo 44 Si 26 Ta 5 Zr 5 Fe 3 Co 12 Y 5 glassy alloy that simultaneously achieves all the desired features described above: the multicomponent amorphous alloy was made to possess ultrahigh thermal stability against crystallization, a well-defined glass transition, a wide supercooled liquid region, and extraordinarily high hardness.
The starting elements were commercially available Mo, Si, Fe, Zr, and Ta powders with 99.5% or higher purity and a particle size smaller than 75 m. Co-Y ingots as an intermediate alloy were prepared by arc melting the weighted Co and Y pieces under a Ti-gettered argon atmosphere in a water-cooled copper crucible. The alloy was then crushed into fragments smaller than 500 m in size. The elemental powders and Co-Y fragments were blended to give the designed composition of Mo 44 Si 26 Ta 5 Zr 5 Fe 3 Co 12 Y 5 (this is the composition of the alloy after milling). Ball milling was performed in a SPEX8000 mill (SPEX Samples Preparation, Metuchen, NJ) for 48 h with a ball-to-powder weight ratio of about 5:1. To avoid the cold welding of the powders on the walls of the milling vial, stearic acid (C 18 H 36 O 2 ) (about 0.5 wt%) was added as a process control agent (PCA). Together with hardened steel balls the powder mixture of designed composition was loaded in a hardened steel vial under an argon-filled glovebox with less than 1 ppm O 2 and H 2 O. The as-milled powders, with an average particle size of about 25 m, were analyzed using x-ray diffraction (XRD) in a Rigaku D/max 2400 diffractometer (Tokyo, Japan) with monochromated Cu K ␣ radiation. The oxygen content was determined to be 0.2 wt% using a LECO TC-436 system (St. Joseph, MI), and that of carbon was 0.3 wt%. The thermal stability of the asmilled powder were investigated using a Netzsch differential scanning calorimeter (DSC 404 C Pegasus, NETZSCH-Gerätebau GmbH, Bayern, Germany) with an alumina container at a heating rate of 20 K/min under flowing purified argon after being evacuated to a vacuum of ∼10 −3 Torr. At least 3 DSC samples were measured to confirm the reproducibility of the results. Nanoindentation measurements were performed on the cross-sections of the as-milled particles using an instrumented Hysitron TriboIndenter (Hysitron, MN) with a Berkovich indenter tip. The indent size is approximately 1 m in the middle section of the particles that have much larger sizes in the range of 20-40 m. The sample was prepared by mixing the as-milled particles with a molten Mg-based good glass former, and the melt was chill-cast into a 4-mm diameter rod. This procedure of embedding the particles into a matrix alloy that is also a hard glass minimizes the matrix effect during nanoindentation testing. The melting temperature of the selected glass former is far below the T g of the Mo-based glassy alloy, such that crystallization during the solidification process and interdiffusion reactions between the matrix and the particles are both prevented. The chill-cast "composite" rod was ground using SiC grinding papers and then polished with diamond paste. For all the measurements, when the load was greater than 2 mN, the hardness data did not show significant variation, so the loads were set at 2, 5, and 10 mN. For every load, at least 10 indentations were made on powder particles of different sizes of about 10−40 m. Figure 3 shows the XRD pattern of the as-milled powder with the composition of Mo 44 Si 26 Ta 5 Zr 5 Fe 3 Co 12 Y 5 after 48 h of MA. Only diffuse peaks typical of an amorphous phase can be observed. The full width at halfmaximum (FWHM) of the broad peak is consistent with the ball-milled Mo 44 Si 26 Ta 5 Zr 5 Fe 3 Co 12 Y 5 multicomponent alloy being diffraction (x-ray) amorphous, based on previous experience observing similar amorphous alloys using XRD. Additional work to characterize the amorphous phase using transmission electron microscopy is currently underway.
The DSC scan of the milled alloy shown in Fig. 4 clearly indicates the amorphous nature of the alloy. A well-defined glass transition with the associated endothermic event and a sharp exothermic crystallization peak are observed. The T g , T x , ⌬T x , and the heat of crystallization, ⌬H x , obtained by integrating the area under the crystallizing peak, are 1202 ± 3 K, 1324 ± 3 K, 122 ± 3 K, and 4.13 ± 0.08 kJ/mol, respectively. Such high T g and T x indicate an extraordinary thermal stability. Meanwhile, the width of the supercooled liquid region exceeds 120 K, which is comparable to the value of a highly processable Zr-based metallic glass with the largest ⌬T x ∼ 135 K. 33 In addition, the bell-shaped isothermal DSC traces (inset of Fig. 4) 34 The apparent Young's modulus and hardness were determined using nanoindentation loading-unloading curves; a typical one is shown in the inset of Fig. 3 . The Young's modulus of the material was obtained through converting 35 the measured apparent Young's modulus by assuming that the Poisson's ratio is approximately equal 36 to that of the base metal (0.31). 37 The Young's modulus obtained is 235 ± 7 GPa, and the hardness is as high as 18.1 ± 0.5 GPa. Such a hardness value is higher than that for most all known metallic glasses. The estimated strength (hardness/3) is included in Fig. 1 (filled  circle) . This data point represents an excellent combination of strength and thermal stability.
III. CONCLUSIONS
In summary, we have successfully developed a refractory Mo 44 Si 26 Ta 5 Zr 5 Fe 3 Co 12 Y 5 glassy alloy with unusually high thermal stability and strength (hardness). The well-defined glass transition (1202 K) and the one-step crystallization event (1324 K) are at the highest temperatures for almost all the metallic glasses obtained so far. Based on a well-known refractory alloy composition, the alloying elements selected in our design strategy created a highly stabilized supercooled liquid over a wide temperature region (122 K), which holds for the first time the promise for the production of high-strength, long-term stable refractory glassy alloys in bulk form via consolidation.
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